The bacteriocinogenic plasmid Clo DF13 is present in Escherichia coli to the extent of 10 copies per cell. A complex of Clo DF13 plasmid deoxyribonucleic acid (DNA) 
The bacteriocinogenic plasmid Clo DF13 is an extrachromosomal deoxyribonucleic acid (DNA) molecule, determining the production of the antibiotic protein bacteriocin Clo DF13. The Clo DF13 plasmid originates from Enterobacter cloacae (29) ; however, in our laboratory, studies on this plasmid are carried out in Escherichia coli which can serve as host as well (33) . The nontransmissible Clo DF13 plasmid is a relatively small circular DNA molecule (molecular weight 6 x 106) with a contour length of 3.0 t 0.2 usm (30) and is present in E. coli cells to the extent of about 10 copies per cell (21) . The Clo DF13 DNA directs the synthesis of at least four messenger ribonucleic acid (RNA) species and eight proteins (20, 22) . The function of two of these proteins, bacteriocin Clo DF13 and the immunity substance, is known. Bacteriocin Clo DF13 inhibits protein synthesis of susceptible cells (13) , whereas the immunity substance inhibits the in vitro as well as the in vivo action of bacteriocin Clo DF13 by forming a complex with the bacteriocin (11, 19a, 21a) .
With respect to the replication, the Clo DF13 plasmid shows, like other nontransmissible 35( plasmids, a unique dependence on DNA polymerase I (9, 10, 17, 18, 33) . DNA polymerase II and DNA polymerase III do not seem to be essential for the replication of these plasmids (10, 33) . We have recently shown that the Clo DF13 plasmid also depends for its replication on the host-determined dnaA, dnaC(D), dnaF, and dnaG gene products (34) , and that de novo synthesis of chromosomal-and Clo DF13-specific proteins is not required for Clo DF13 DNA synthesis, whereas de novo synthesis of RNA and specifically Clo DF13 RNA is involved in Clo DF13 replication (32) . Complexes of DNA and protein have been described for various systems (4-6, 15, 19, 24, 26, 31) .
proteins in the regulation of plasmid replication, we attempted to isolate Clo DF13 DNAprotein complexes. In this paper we describe the isolation and properties oLa Clo DF13 plasmid. DNA-protein complex -rom E. coli cells and minicells. It will be shown that this complex is composed of supercoiled Clo DF13 DNA and one Clo DF13-specific protein species, bacteriocin Clo DF13.
MATERIALS AND METHODS
Bacterial strains. The minicell-producing strain E. coli K-12 P678-54 (1) has the following genetic markers (the nomenclature follows the proposals of Demerec et al. [8] : thr, leu, lacY, minA, T6s, gal, minB, strr, thi (for min genotype, see Roozen et al. [28D. A P678-54 strain, harboring the cloacinogenic plasmid Clo DF13, was isolated in our laboratory (22) . E. coli CR 34 harboring the colicinogenic plasmid ColEl was obtained from D. J. Sherratt.
Media and buffer solutions. The composition (in percentage, wt/vol) of the media used was as follows: (i) brain heart infusion (Oxoid, 3.7%); and (ii) phosphate-buffered minimal medium (NH4Cl, 0.1%; KH2PO4, 0.15%; Na2HPO4, 0.35%; MgSO4, 0.02%; glucose, 0.2%; thiamine-hydrochloride, 0.002%; and 0.003% each of threonine and leucine). Purification of minicells. Minicells were harvested by differential centrifugation and further purified by three successive sedimentations through 40-ml linear gradients of 5 to 20% (wt/vol) sucrose as described previously (32) . After the third sucrose gradient, the minicells were resuspended in the appropriate label medium (22) at an absorbance of 0.2 at 620 nm (measured in a 2-cm cell). All separations were done at approximately 4 C. The purified minicell fraction usually contained less than 100 contaminating bacterial cells per 10' minicells.
Isolation of the Clo DF13-protein complex. E. coli P678-54 (Clo DF13), grown overnight at 37 C in minimal medium, was inoculated 'Ass into fresh minimal medium and allowed to grow to a density of about 2 Determination of radioactivity. Radioactive samples from sucrose gradients were collected onto 3MM Whatman filter disks and precipitated with trichloroacetic acid as described previously (33) . Filters were dried and counted in vials containing 10 ml of a toluene-based scintillation fluid (33) . Scintillation autography of polyacrylamide gels was carried out as described by Bonner and Laskey (2) . After staining and destaining, the gels were sliced in a longitudinal gel slicer (Canalco, Europe). The slabs were soaked in about 20 times its volume of dimethyl sulfoxide (Me2SO) for 30 min, followed by a second 30-min imjnersion in fresh Me2SO. Then the slabs were soaked in 4 volumes of 22 .2% (wt/vol) 2,5-diphenyloxazole in Me2SO for 3 h, after which they were immersed in 20 volurres of water for 1 h. The slabs were transferred to a sheet of filter paper and dried at 60 C on a gel drying plate (Canalco, Europe). Autoradiography was performed by exposing Kodak RP Royal "X-omat" X-ray film to the dried gel slabs for 2 to 7 days.
Chemicals. Bovine serum albumin, catalase, aldolase, myoglobin, chymotrypsinogen, and cytochrome c were obtained from Serva. Beef pancreas RNase A (code RASE) and RNase Ti (code RT1) were purchased from Worthington Biochemical Corp. Dimethyl sulfoxide was obtained from Merck.
[3H ]thy (specific activity 15,000 mCi/mmol) and "4C-labeled amino acids (specific activity 45 mCi/matom of carbon) were from the Radiochemical Centre, Amersham, England. The sources of all other chemicals used were as described previously (32) .
RESULTS
Comparison of the induced relaxability of the ColEl and Clo DF13 DNA. It has been shown that the colicinogenic E plasmids (ColEl, E2, and E3) can be isolated from gently lysed spheroplasts of E. coli as relaxation complexes of supercoiled DNA and protein (4, 5) . To determine whether the Clo DF13 plasmid could also be isolated as a relaxation complex, 20-ml cultures of E. coli CR34 (ColEl) and P678-54 (Clo DF13) were grown in phosphate-buffered minimal medium and labeled with 20 ,uCi of [3H ]thy per ml. Each culture was harvested in log phase, after which the cells were suspended in a solution of 25% sucrose (0.05 M Tris, pH 8.0). Lysates were prepared according to the procedure described in detail by Clewell and Helinski (4) using Triton X-100 (final concentration 1%, wt/vol) as detergent. Centrifugation of the crude lysate was performed at 48,000 x g for 25 min at 4 C in a Beckman L5-65 ultracentrifuge. The supernatant fraction, indicated as cleared lysate, was subjected to various treatments and analyzed by centrifugation in 5 to 20% sucrose gradients in TES III buffer for both the amount of plasmid DNA and the percentage of plasmid DNA in the complexed state. Figure  1B shows that SDS treatment of a cleared lysate, prepared from CR34 (ColEl) cells, induces a conversion of the complexed supercoiled ColEl DNA (23S) to a form with an S value of 17S, which is symptomatic for open circular ColEl DNA (4). However, no relaxation is observed when identical experiments were performed with cleared lysates prepared from Clo DF13-harboring cells (Fig. 1D ). The DNA on the gradient represents Clo DF13 DNA because this peak is completely absent in preparations made from the noncloacinogenic relative of the strain used in this study. Figure 1A and C represents the non-SDStreated controls. After 10 min of incubation of the cleared lysates with 2 mg of Pronase per ml in buffer, about 70% of the ColEl DNA was converted from the complexed supercoiled form to the open circular form, whereas no significant relaxation of supercoiled Clo DF13 DNA was detectable (Table 1 ). These data indicate that, in contrast to the ColEl plasmid, no Clo DF13 relaxation complex can be isolated from Triton X-100-lysed spheroplasts of E. coli.
Isolation of a Clo DF13 DNA-protein complex. The experiments described in the previous section show that, in contrast to the ColEl plasmid, no Clo DF13 relaxation complex could be isolated from cells lysed by the lysozyme-EDTA-Triton X-100 procedure. The pos- bCleared lysates of CR34 (ColEl) and P678-54 (Clo DF13) were diluted twofold with TES HI buffer. To 0.3-ml portions, 0.1 ml of 1% SDS or 0.1 ml of 10 mg of Pronase per ml (self digested at 37 C for 60 min) was added. After incubation at 25 C for 10 min, the samples were sedimented through 5 (Fig. 3) demonstrates that SDS treatment of the dialyzed material completely deproteinizes the Clo DF13 DNA. Most of the "4C-labeled material sediments only a short distance under these conditions: more than 80% of the "4C radioactivity is recovered from the first 10 fractions from the top of the gradient. The protein and DNA sedimented also together in gradients containing 0.5 M NaCl (Fig. 4) (Fig. 2) were pooled and dialyzed. One portion was then treated ttith SDS (B), while another portion was mixed with TE buffer (A). After 15 min of incubation at 25 C, the samples were layered on 5-ml, 5 to 20% sucrose gradients in TE buffer. Centrifugation conditions were as described. Fractions (100 AO) were collected from the top of the tube in small vials from which aliquots were taken for the determination of radioactivity. Symbols: 0, 3H-labeled Clo DF13 DNA; 0, "C-labeled protein. (Fig. 2) were pooled and dialyzed against TE buffer. Then a 0.3-ml portion was layered on a 5-ml, 5 (Fig. 2) and second (Fig. 3A) sucrose gradient were pooled, dialyzed, and subjected to polyacrylamide gel electrophoresis. Autoradiographs of the resulting gels are shown in Fig. 5 . Proteins, isolated from the DNA-protein fractions of the first sucrose gradient, are shown in Fig. 5A and B; all proteins are radioactively labeled and one main polypeptide band (P1) is observed; P1 represents more than 70% of the total protein in the fraction. Gel electrophoresis of DNA-protein material, purified by two successive sucrose gradients, revealed that the radioactivity migrated only as one single band, indicating that, at this stage of the purification procedure, the "4C-labeled P1 protein is the only protein species (98% of the total protein) present in this preparation ( Fig. 5C and D) . From this result we concluded that the other proteins, observed in gels of DNA-protein material from the first sucrose gradients, are either contaminating proteins or weakly bound proteins. The question arises whether this P1 polypeptide is a chromosomal or plasmid-specific gene product. To solve this problem we used minicells of E. coli. It has been shown previously that the bacteriocinogenic plasmid Clo DF13 segregates into minicells of the Clo DF13-harboring E. coli strain P678-54 and that this Clo DF13 plasmid is the only DNA present in these otherwise chromosomeless minicells (20) . These properties make the minicell system very valuable for studying plasmid-specific gene products. To isolate Clo DF13 DNA-protein material from Clo DF13-harboring minicells, the same procedure was followed as described for cells. Minicells were isolated as described above, suspended in the appropriate medium, and labeled with [3H thy and "C-labeled amino acids. After labeling the minicells were harvested and lysed, and the lysate was layered on 5 to 20% sucrose gradients. Gel electrophoresis of DNA-protein material, pooled from these gradients, revealed that also in this preparation one radioactivelabeled protein species is observed with the same molecular weight as the P1 polypeptide isolated from cells (Fig. 5E ). The molecular weight of the proteins was estimated according to the method of Weber and Osborn (35), using several proteins of known molecular weight as markers. Figure 5F shows a linear plot of log molecular weight of protein markers versus their mobility; the proteins were run under the same electrophoretic conditions as gel A and gel E. The mobility of the protein in gel C is different to that of the proteins indicated by the arrows in gel A and gel E due to a shorter electrophoresis time; the molecular weight of the protein in gel C was also calculated by using standard protein markers. In this way, the estimated molecular weight of the P1 polypeptide was 60,000. Proteins synthesized in Clo DF13-harboring minicells are plasmid specific (22) . Therefore these results indicate that the protein associated with Clo DF13 DNA is Clo DF13 plasmid specific. It has beeuishown previously that the Clo DF13 DNA directs the synthesis of eight proteins and that only one of these proteins, bacteriocin Clo DF13, has a molecular weight of 60,000 (22) . These data suggest that the polypeptide P1 is identical to bacteriocin Clo DF13. To prove this hypothesis the DNA-protein fractions, pooled from the second sucrose gradient (Fig. 3A) , were dialyzed and assayed for in vivo bacteriocin Clo DF13 activity by spot tests on susceptible cells, as described by Kool and Nijkamp (21 In vitro binding of bacteriocin Clo DF13 to Clo DF13 plasmid DNA. To determine whether bacteriocin Clo DF13 has affinity for Clo DF13 DNA in vitro, we used two different procedures. The first method involved QAESephadex column chromatography of an incubation mixture of Clo DF13 DNA and bacteriocin Clo DF13, and of Clo DF13 DNA and bacteriocin Clo DF13 alone. A solution of purified "4C-labeled bacteriocin was applied to a QAESephadex A-50 column (0.9 by 15 cm), previously equilibrated with Tris buffer (0.06 M Tris, pH 8.4). Elution was performed with Tris buffer, followed by a step wash with 2.0 M KCl in Tris buffer. Fractions (900 gl) were collected at a flow rate of 12 ml per h. As shown in Fig.  6A , nearly all (98% of total recovered counts) bacteriocin eluted in the void volume of the column. When a solution of 3H-labeled Clo DF13 DNA was applied to the column, all plasmid DNA was bound to the column and only released upon a step wash with 2.0 M KCl. When a mixture of Clo DF13 DNA and bacteriocin Clo DF13, preincubated at 25 C for 15 min, was applied to a QAE-Sephadex column, the elution profile shown in Fig. 6B was obtained. Now a relatively large portion (23% of total recovered counts) of bacteriocin was only released from the column upon a step wash with 2.0 M KCl, indicating that bacteriocin Clo DF13 binds to Clo DF13 DNA. To obtain further evidence that bacteriocin Clo DF13 binds to Clo DF13 plasmid DNA, other experiments, involving the nitrocellulose filter method described by Riggs et al. (26) , were carried out. "H-labeled Clo DF13 DNA (specific activity 1,600 counts/min per gg) was isolated as described above. Free Clo DF13 DNA washed through the filter; the nonspecific sticking was about 3% of the total input 'H-labeled DNA (4,014 counts/min). When a solution of "4C-labeled bacteriocin was filtered, nearly all (93% of total input 14C radioactivity) bacteriocin Clo DF13 washed through the filter. When increasing amounts of purified bacteriocin were added to a constant amount of 3H-labeled Clo DF13 DNA (Fig. 7) , increasing amounts of DNA were retained until a plateau was reached where all DNA was saturated and about 90% of the DNA did not wash through. It can be calculated from the data in Fig. 7 that this plateau was reached when 1.25 ,ug of bacteriocin was added to 2.5 sg of Clo DF13 DNA, and that to retain a twofold increased amount of DNA on the filter the amount of bacteriocin added must be increased more than twofold (see below).
To examine whether bacteriocin Clo DF13 The addition of 1.25 ;tg of bacteriocin to 2.5 Ag of double-stranded Clo DF13 DNA is sufficient to bind 90% of input DNA (Fig. 6) .°T he percentage of binding is defined in the legend of Fig. 6 ; the percentages are corrected for background radioactivity. (6) , and ColV2 (23) , no relaxation complex of supercoiled Clo DF13 DNA and protein can be isolated from E. coli cells and minicells.
As described in this paper, a complex of Clo DF13 DNA and protein, which is not a relaxation complex, can be isolated from cells. 60,000. We do not exclude the possibility that, during our lysis procedure, other weakly bound protein species are removed and that in vivo more protein species are bound to Clo DF13 DNA. The protein component of the complex appeared to be bacteriocin Clo DF13 on the basis of the following observations: (i) the protein of the complex is de novo synthesized in Clo DF13-harboring minicells indicating that this protein is plasmid specific; (ii) this protein has bacteriocinogenic activity on bacteriocin Clo DF13-susceptible cells; (iii) the protein has the same molecular weight (60,000) as bacteriocin Clo DF13 and it is known that no other plasmidspecific proteins, with this particular molecular weight, are synthesized (22) . These data demonstrate that a complex of Clo DF13 DNA and bacteriocin Clo DF13 can be isolated from E. coli cells and minicells. To determine whether bacteriocin Clo DF13 also has affinity for Clo DF13 in vitro, DNA-protein binding experiments, involving QAE-Sephadex column chromatography and nitrocellulose membrane filters, were performed. Membrane filters have been widely used to study protein-nucleic acid interactions (3, 16, 25, 26) . From these experiments evidence was obtained that bacteriocin Clo DF13 binds in vitro to Clo DF13 DNA. It appeared that to obtain maximal binding 1.25 ug of bacteriocin Clo DF13 must be added to 2.5 ,ug of Clo DF13 DNA, corresponding to a ratio of 50 molecules of bacteriocin to one molecule of Clo DF13 DNA. Because it is unknown which percentage of the bacteriocin added is active in binding to DNA (bacteriocin Clo DF13 is not very stable), it might be that less molecules are necessary to saturate the Clo DF13 DNA. Furthermore, it appeared that, to retain a twofold increased amount of Clo DF13 DNA on the filter, the amount of bacteriocin added must be increased more than twofold. An explanation for this observation could be that Clo DF13 plasmid DNA has more binding sites for bacteriocin Clo DF13 or that bacteriocin Clo DF13 binds to Clo DF13 DNA in a multimeric form. Recent experiments have shown that bacteriocin Clo DF13 is not bound at random to Clo DF13 DNA but is bound to a specific hind II-generated plasmid DNA fragment with a molecular weight of 6 x 105 (Veltkamp et al., manuscript in preparation). This result implicates that, if Clo DF13 plasmid DNA has more than one binding site for bacteriocin Clo DF13, these binding sites have to be located at this fragment. Furthermore it can be concluded from the direct binding of bacteriocin Clo DF13 DNA that no RNA is involved in the formation of the complex. We were not able to detect 
